We calculate the SU(3)-breaking corrections to the hyperon vector coupling f1(0) up to O(p 4 ) in covariant baryon chiral perturbation theory with dynamical octet and decuplet contributions. We find that the decuplet contributions are of similar or even larger size than the octet ones. Combining both, we predict positive SU(3)-breaking corrections to all the four independent f1(0)'s (assuming isospin symmetry), which are consistent, within uncertainties, with the latest results form large Nc fits, chiral quark models, and quenched lattice QCD calculations.
I. INTRODUCTION
Hyperon semileptonic decays, parameterized by three vector transition form factors (f 1 , f 2 , and f 3 ) and three axial form factors (g 1 , g 2 , and g 3 ), have received renewed interest in recent years due to various reasons. In particular, they provide an alternative source [1, 2, 3, 4] to allow one to extract the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V us [5, 6] , in addition to kaon semileptonic decays (see, e.g., Ref. [7] for a recent review), hadronic decays of the τ lepton [8] and the ratio Γ(K + → µ + ν µ )/Γ(π + → µ + ν µ ) [9] . The hyperon vector coupling f 1 (0) plays an essential role in order to extract V us accurately.
Due to the Conservation of Vector Current (CVC) f 1 (0) is known up to SU(3)-breaking effects, which are of subleading-order according to the Ademollo-Gatto theorem [10] . Theoretical estimates of SU(3)-breaking corrections to f 1 (0) have been performed in various frameworks, including quark models [11, 12, 13] , large-N c fits [3] , and chiral perturbation theory (ChPT) [14, 15, 16, 17, 18] . These SU(3)-breaking corrections have also been studied recently in quenched lattice QCD (LQCD) calculations for two of the four independent channels (assuming isospin symmetry): Σ − → n [19] and Ξ 0 → Σ + [20] . In principle, ChPT provides a model independent way to estimate the SU(3)-breaking corrections to f 1 (0). However, it is known that ChPT calculations converge slowly in SU(3) flavor space. This problem becomes even more pronounced in the one-baryon sector, where the physics at a certain order can be blurred by the power-counting restoration procedures, as can be clearly seen in the case of the baryon octet magnetic moments [21] . Fortunately, in the case of f 1 (0), the Ademollo-Gatto theorem dictates that up to O(p 4 ) no unknown LEC's contribute and, therefore, no power-counting-breaking terms appear. Consequently, up to this order there is no need to apply any power-counting restoration procedures and a ChPT calculation is fully predictive.
In a recent O(p 4 ) calculation performed in Heavy Baryon (HB) ChPT, it was shown that the chiral series with only the octet contributions converge slowly while the convergence is completely spoiled by the inclusion of the decuplet ones [17] . In a later work [18] , the infrared version of baryon chiral perturbation theory (IRChPT) [22] was employed and calculations were performed up to O(p 4 ) with only the octet contributions. The slow convergence of the chiral series was confirmed but the importance of relativistic corrections was stressed.
In the present work, we perform the first covariant baryon ChPT calculation of f 1 (0) up to O(p 4 ), including both octet and decuplet contributions. This article is organized as follows. In Sec. 2, we fix our notation and write down the relevant chiral Lagrangians up to O(p 4 ). To study the contributions of the decuplet baryons, we adopt the "consistent" coupling scheme for the Rarita-Schwinger description of the spin-3/2 decuplet fields [23] . In Sec. 3, we present our numerical results order by order, contrast them with the corresponding HBChPT and IRChPT results, and study the convergence of the chiral series. We also compare our full results with those obtained in other approaches, including large N c fits, quark models, and lattice QCD calculations. Finally, we use our results of f 1 (0) to extract V us from the experimental values of the decay rates and g 1 (0)/f 1 (0). Summary and conclusions follow in Sec. 4.
II. FORMALISM
The baryon vector form factors as probed by the charged ∆S=1 weak current V µ = V usū γ µ s are defined by
where q = p ′ − p. In the SU(3)-symmetric limit, f 1 (0) is fixed by the conservation of the SU(3) V -charge g V . Furthermore, the Ademollo-Gatto theorem states that SU(3)-breaking corrections start at second order in the expansion parameter m s − m
where m s is the strange quark mass and m is the mass of the light quarks. The values of g V are −
, and Ξ 0 → Σ + , respectively. In the isospin-symmetric limit only four of these channels, which we take as Λ → N , Σ → N , Ξ → Λ, and Ξ → Σ, provide independent information We will parameterize the SU(3)-breaking corrections order-by-order in the relativistic chiral expansion as follows:
where δ (2) and δ (3) are the leading and next-to-leading order SU(3)-breaking corrections induced by loops, corresponding to O(p 3 ) and O(p 4 ) chiral calculations.
A. Chiral Lagrangians involving only octet baryons and pseudoscalars
The lowest-order SU(3) chiral Lagrangian describing the pseudo-Goldstone bosons in the presence of an external vector current is:
where the parameter F 0 is the chiral-limit decay constant, U is the SU(3) representation of the meson fields and ∇ µ is its covariant derivative: 
where B denotes the traceless flavor matrix accounting for the octet-baryon fields, M 0 is the chiral-limit octet-baryon mass, D and F are the axial and vector meson-baryon couplings and 
B. Chiral Lagrangians involving decuplet baryons
In this work, we adopt the so-called "consistent" couplings [23] to describe the interactions between the decuplet and the octet baryons. Compared to conventional couplings (see, e.g., Refs. [23, 25] ), the consistent couplings are more stringent due to the requirement that all interactions have the same type of gauge invariance as the kinetic term of the spin-3/2 fields [23] . To calculate f 1 (0) up to O(p 3 ), one only needs the following lowest-order chiral Lagrangians [26] :
where M D0 is the chiral-limit decuplet-baryon mass,
adeψµ with the following associations:
The value of the pseudoscalar-baryon-decuplet coupling C is determined to be C ≈ 1.0 from the ∆ → πN decay width.
2 In SU(3) flavor space, the value of C can be different for different channels. In the present work, as in Ref. [17] , we use the same C for all the channels, assuming that SU(3)-breaking corrections to f 1 (0) induced by using channel-specific C's are of higher order. The spin-3/2 propagator in d dimensions is
with M D the decuplet baryon mass.
To calculate f 1 (0) at O(p 4 ), the following second-order chiral Lagrangian is needed to break the mass degeneracy of the decuplet baryons
which leads to
A fit to the decuplet baryon masses, with the meson masses given above, yields γ M = 0.3236 GeV 
III. RESULTS AND DISCUSSIONS
A. SU(3)-breaking corrections to f1(0) due to octet contributions up to O(p 4 )
All the diagrams contributing to f 1 (0) up to O(p 4 ) are shown in Fig. 1 , where the leading and next-to-leading order SU(3)-breaking corrections are given by the diagrams in the first and second row, respectively.
The O(p 3 ) results are quite compact and have the following structure for the transition i → j:
where β BP , β MP , β KR , and β WF are given in Tables VI, VII , VIII, and IX in the Appendix, and the loop functions H BP , H MP , H KR , H TD1 , H TD2 , and H WF are also given there. It is interesting to note that although separately these loop functions are divergent (scale-dependent) and some of them contain power-counting breaking pieces (H KR and H MP ), the overall contributions are finite and do not break power-counting. This is an explicit manifestation of the Ademollo-Gatto theorem.
In the O(p 4 ) calculation, we have implemented mass-splitting corrections in a similar way as Ref. [18] except that we have used the masses obtained from the second-order ChPT fit, as described above, instead of the physical masses. Similar to the IRChPT study of Ref. [18] , the O(p 4 ) results contain higher-order divergences. We have removed the infinities using the modified minimal-subtraction (M S) scheme. The analytical results are quite lengthy and will not be shown here. In Fig. 2 , we show the scale dependence of the octet contributions, which is rather mild for most cases except for the Σ → N transition. The scale dependence can be used to estimate higher-order contributions by varying µ in a reasonable range. In the following, we present the results by varying µ from 0.7 to 1.3 GeV. It should be mentioned that if we had adopted the same method as Ref. [17] We have checked that our results up to O(p 3 ) are the same as those obtained in Ref. [14] , while in the M B ∼ Λ χSB limit our results recover the HBChPT ones [17] at both O(p 3 ) and O(p 4 ) including the 1/M recoil corrections. All these are known to explicitly verify the Ademollo-Gatto theorem in the sense of Eq. (2). Table II shows the SU(3)-breaking corrections in the notation of Eq. (3). For comparison, we also list the numbers obtained in HBChPT [17] and IRChPT [18] . The numerical values are obtained with the parameters given in Table I . As in Ref. [21] we have used an average F 0 = 1.17f π with f π = 92.4 MeV. It should be pointed out that the HBChPT and the IRChPT results are obtained using f π .
First, we note that in three of the four cases, the δ (3) numbers are smaller than the δ (2) ones. The situation is similar in IRChPT but quite different in HBChPT. In the HBChPT calculation [17] , the δ (3) contribution is larger than the δ (2) one for the four cases. 4 This tells that recoil corrections (in the HBChPT language) or relativistic effects are important. On the other hand, the results of the present work and those of IRChPT [18] , including the contributions of different chiral orders, are qualitatively similar. They are both very different from the HBChPT predictions, even for the signs in three of the four cases. Obviously, as stressed in Ref. [18] , one should trust more the relativistic than the non-relativistic results, which have to be treated with caution whenever 1/M recoil corrections become large. It is clear from Table II that the convergence is slow even in the case of the relativistic calculations, a well known feature of SU(3) baryon ChPT. It is then necessary to have a way to calculate "higher-order" contributions. Going to O(p 5 ) one needs to introduce unknown LEC's such that the predictive power of ChPT is lost. An alternative approach is to consider the contributions of dynamical heavier resonances. A basic assumption of ChPT is that these heavier degrees of freedom can be integrated out with their effects incorporated in the LEC's. However, that may not be totally true in the one-baryon sector since the gap between the lowest baryon octet and the lowest baryon decuplet is only ∼ 0.3 GeV, not very different from the pion mass and even smaller than the kaon(eta) mass. Therefore, it is necessary to investigate their contributions. In the HBChPT scheme, this task has recently been undertaken in Ref. [17] , where it is concluded that the decuplet contributions completely spoil the convergence of the chiral series. We study the contributions of the decuplet baryons in the covariant framework in the following section. Fig. 3 shows the diagrams that contribute to SU(3)-breaking corrections to f 1 (0) with dynamical decuplet baryons up to O(p 4 ). It should be noted that unlike in the HBChPT case [17] , Kroll-Rudermann (KR) kind of diagrams also contribute. In fact, using the consistent coupling scheme of Ref. [23] , there are four KR diagrams: Two are from minimal substitution in the derivative of the pseudoscalar fields and the other two are from minimal substitution in the derivative of the decuplet fields (see Eq. (10) and also Ref. [26] ). The O(p 3 ) results are relatively simple and have the following general structure for the transition i → j:
where γ BP , γ MP , γ KR , and γ WF are listed in Tables X, XI 
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Fig . 4 . The infinities have been removed by the M S procedure. The dependence is found to be rather mild except for the Ξ → Σ transition. In this case, unlike in the octet case, the divergences cannot be removed by expanding and keeping only terms linear in baryon and decuplet mass splittings. The full O(p 4 ) analytical results are quite involved and, therefore, they will not be shown here.
The numerical results obtained with the parameter values given in Table I are summarized in Table III . It can be seen that at O(p 3 ), the decuplet contributions are relatively small compared to the octet ones at the same order. On the other hand, the O(p 4 ) contributions are sizable and all of them have positive signs. Using the conventional Lagrangians of Ref. [25] , one obtains different numbers and different µ dependence. In the heavy-baryon limit, however, the results obtained with both coupling schemes are found to be the same and convergent, confirming the fact that the differences induced by the "consistency" procedure are of higher chiral order [23] (see also Ref. [26] ).
In Table III , the numbers denoted by HBChPT differ from those of Ref. [17] . The δ (2) column would have coincided if we had used the same values for the couplings C = 0.8 and F 0 = 0.0933 GeV. On the other hand, our δ (3) contributions due to the octet baryon mass splittings are much smaller than those of Ref. [17] . It is interesting to note that unlike in the octet case, the HBChPT results are similar to the relativistic ones.
5
As the decuplet-octet mass splitting increases, one expects that the decuplet contributions decrease and eventually vanish as the splitting goes to infinity. This is indeed the case, as can be clearly seen from Fig. 5 , where the O(p 3 ) decuplet contributions are plotted as a function of the decuplet-octet mass splitting.
C. Full results and comparison with other approaches
Summing the octet and the decuplet contributions, we obtain the numbers shown in Table IV . Two things are noteworthy. First, the convergence is slow, even taking into account the scale dependence of the δ (3) corrections. Second, for three of the four transitions, the δ (3) corrections have a different sign than the δ (2) ones. In Table V , we compare our results with those obtained from other approaches, including large N c fits [3] , quark models [11, 12, 13] , and two quenched LQCD calculations [19, 20] . The large N c results in general favor positive corrections, which are consistent with our central values. Two of the quark models predict negative corrections, while that of Ref. [13] favors positive corrections. It is interesting to note that in Ref. [13] the valence quark effects give negative contributions, as in the other two quark models, while the chiral effects provide positive contributions, resulting in net positive corrections. Our numbers also agree, within uncertainties, with the quenched LQCD ones. In principle, LQCD calculations provide another model-independent way to obtain the SU(3)-breaking corrections to f 1 (0). At present, however, the quenched LQCD calculations are not yet accurate enough to determine these numbers, due to the large quark masses used in the simulation and other systematic uncertainties.
Finally, we will briefly discuss the implications of our results for the estimation of V us . There have been several previous attempts to extract this parameter using hyperon semileptonic decays [1, 2, 3, 4] . As discussed in Ref. [4] a rather clean determination of f 1 V us can be done by using g 1 /f 1 and the decay rates from experiment and taking for g 2 and f 2 their SU(3) values. This latter approximation is supported by the fact that their contributions to the decay rate are reduced by kinematic factors (See, for instance, Eq. (10) of Ref. [3] ). Using the values of f 1 V us compiled in Table 3 of Ref. [4] and our results for f 1 we get
This value is consistent with the large N c fits of Ref. [3] and with the result obtained from τ decays [8] , and lower than the results of kaon decays [7] and the fits to hyperon decays from Refs. [1, 2] . Although the quoted error seems competitive with calculations using other processes, we must remark that the error estimation for Eq. (16) Ref. [11] Ref. [12] Ref. [13] Λ → N 0.1
IV. SUMMARY AND CONCLUSIONS
We have performed a study of the SU(3)-breaking corrections to the hyperon vector coupling f 1 (0) in covariant baryon chiral perturbation theory including both the octet and the decuplet contributions. We confirm earlier findings in HBChPT and IRChPT that the convergence of the chiral series is slow in the case with only dynamical octet baryons. Our study of the decuplet contributions shows that at O(p 3 ) they are in general smaller than those of their octet counterparts, while at O(p 4 ) they are sizable. Combining both octet and decuplet contributions, we found positive SU(3)-breaking corrections to all the four independent f 1 (0)'s, which compare favorably with the large N c fits and those of the quark model taking into account chiral effects.
The fact that the O(p 4 ) chiral contributions are comparable to the O(p 3 ) ones suggests that the O(p 5 ) chiral effects may not be negligible. We have estimated their size by varying µ from 0.7 to 1.3 GeV. Taking into account these higher-order uncertainties, our results still favor positive SU(3)-breaking corrections to the four f 1 (0)'s.
An accurate determination of V us from hyperon semileptonic decays depends largely on our knowledge on the value of f 1 (0). While the SU(3)-symmetric values have been used in some fits to extract V us , most studies have taken into account SU(3)-breaking corrections to f 1 (0). We have provided the first covariant baryon ChPT predictions for f 1 (0) up to O(p 4 ) including both the octet and the decuplet contributions. We encourage their uses in new attempts to extract V us from hyperon decay data. 
